A hybrid antireflective coating combining homogeneous layers and linear gradient refractive index layers has been deposited using different techniques. The samples were analysed optically based on spectrophotometric and spectroscopic ellipsometry measurements under different angles of incidence in order to precisely characterise the coatings. The Lorentz-Lorenz model has been used for calculation of refractive index of material mixtures in gradient and constant index layers of the coating. The obtained refractive index profiles have been compared with the targeted ones to detect errors in processes of deposition. 
Introduction
Optical characterisation methods are of utmost importance in analysis of coatings in thin films science and technology. They allow determination of refractive index, thickness of the coating and variation of refractive index through the depth of the coating (i.e. inhomogeneity). Numerous methods for optical characterisation of thin films have been developed. These methods usually start from modelling the optical behaviour of the sample through a set of parameters which represents some kind of initial approximation. The optimal values of these parameters are found by the minimisation of a merit function that quantifies the agreement between experimental measurements and the data simulated from the sample model. The optimisation procedure is normally carried out using numerical techniques. Some of these methods are based on analysis of spectrophotometric measurements 1 , i. e. reflectance (R(λ)) and transmittance (T(λ)) as function taken at different angles of incidence, to combine spectrophotometry and spectroscopic ellipsometry, or to include non-optical characterization methods 8 . This leads to a significant reduction of the solution multiplicity, thus facilitating the selection of the physically meaningful one.
The model, i.e. the refractive index profile found by optical characterisation, can be compared with the targeted profile that was aimed to be deposited. Analysis of the differences between the two is crucial in detecting the errors in the process of deposition and improving the manufacturing procedures.
In this work, optical characterization methods are applied to the study of hybrid antireflective coatings. The coatings were designed to minimise the reflectance of a BK7 glass substrate in the wavelength range 480-680 nm in the range of 0°-50° of angle of incidence 9 . The hybrid coatings combine refractive index gradients (ramps) with layers of constant refractive index through the thickness of the film. The obtained hybrid design was refined according to the materials available for the different deposition techniques, and subsequently, a round-robin experiment of deposition with different techniques has been performed 10 . The studied samples were deposited by electron beam evaporation (EBE), radio frequency magnetron-sputtering 
Optical characterisation and numerical data evaluation
Due to the desired optical properties, there are no significant fringes with considerable amplitude in the structure of the spectra of hybrid AR coating in the visible range. On the contrary, reflectance and transmittance is rather constant in most of the spectral range of interest.
Reflectance and transmittance measurements were combined with ellipsometric measurements.
Spectrophotometric measurements were performed with a Perkin Elmer Lambda 900 spectrophotometer. A VN-attachment allowing absolute measurement of reflectance without moving the sample after the transmittance measurement has been used. Reflectance and transmittance in the spectral range 400-850 nm were measured in steps of 2 nm: R and T measured at angle of incidence of 6 degrees and R s , R p , T s and T p at 45 degrees. Measurements of spectra of ellipsometric ∆ and Ψ functions were performed with a standard SENTECH SE800 ellipsometer with microspot (200 µm). Usage of microspot, together with thickness of the glass (2mm) results in measurements without the contribution of reflection from the back side of the substrate. Ellipsometric measurements in the same spectral range as R and T were taken at the angles of 50, 55 and 60 degrees, at 575 wavelength points per angle. These angles were chosen for the ellipsometric functions to present maximum amplitude of their interferential fringes. In the optimisation process cos∆ and cos2Ψ were considered. The bare substrates were characterised previously, by means of spectrophotometry.
For the optical characterisation of the samples we used general-purpose software 11 that allows determination of the optimal value of a set of parameters defining the sample by fitting experimental spectra. Each sample has been represented as an in-depth inhomogeneous coating deposited onto a substrate with known optical constants. According to the design, some parts of the coating have a constant composition making constant refractive index layers, while others show a linear variation in composition, corresponding to the ramps in the design. The inhomogeneity of a ramp is taken into account by dividing it into a given number of homogeneous sublayers, all with the same thickness. Each homogeneous layer and sublayer has been modelled as a mixture of the two materials of high (n H ) and low refractive index (n L ) with volume fractions f H and f L , being f H + f L =1. For each sublayer the volume fraction of the high index material is given by:
Here 
where ε eff , ε H and ε L are the effective dielectric functions of the mixture and the high and low index material, respectively. The optical constants of the high and low index materials can be used either from a data file or represented with a dispersion model.
In this way the sample is represented through a limited set of parameters: volume fraction and thickness for each layer and parameters defining the dispersion model for each material. The software enables fixing these parameters to a given value or to optimize them within some limits.
Furthermore, it is possible to establish links between different parameters by imposing the continuity of the volume fraction at the interface of different layers. The optimisation of the parameters is carried out by the minimisation of a merit function that is the chi-square estimator
( )
where N is the total number of experimental data points, N s is the number of measured spectra, each one containing N j experimental data points, y k j represents measured values at the wavelength x k with associated experimental error σ k j , y j (x k ;P 1 ,…, P m ) is the corresponding value calculated using standard thin film computation algorithms 17 and P 1 , …, P m are the m parameters being optimized. It must be highlighted that this merit function permits considering different magnitudes simultaneously in the same optimisation procedure (like spectrophotometric and ellipsometric measurements) since the quantities being added are dimensionless. The minimisation of the merit function is carried out using the Downhill-Simplex algorithm 18 .
Upon optimization is possible to evaluate the statistical uncertainties of the parameters.
Uncertainties give estimation how precisely the parameters are determined according to experimental error of the used data. These uncertainties are given as confidence limits 18 that define a region in the parameter space which contains a certain percentage of the total probability distribution of the parameter, i.e. that there exists certain probability that the true value of the parameter is within this region. The uncertainties of the parameters (δP i ) are calculated as:
where ∆χ 2 defines the confidence region (we have chosen ∆χ 2 =2.70 corresponding to 90% probability for the confidence region) and C ii is diagonal element of the inverse of the curvature matrix α, with elements given by ( )
Thus, the curvature matrix is the matrix of the second derivatives of the merit function in respect to the parameters that are optimised. This matrix is numerically evaluated at the minimum of the merit function.
The original targeted designs have been taken as starting designs for optical characterisation defining the initial values of the parameters to be optimised. Each ramp in EBE and RFS sample was divided into 8 sublayers. In this way, only starting and ending volume fractions of one material, as well as the thickness of the ramp, were optimized. Initially, at the beginning of optimization procedure, thickness limits of RFS and IBS samples were set to 3%
and of EBE to 6% of the design's thickness, that correspond to the estimated deviation in thickness for each technique of deposition 10 . In the case of EBE sample, higher errors are expected due to the fact that rates of deposition were controlled by quartz monitor only, because of high deposition rates compared with the other two techniques and because of instabilities of these rates 8 due to the nonuniform evaporation of the materials from the rotating crucible.
Refractive indices of the pure materials (pure, in the sense that they were not mixtures of materials prepared in a process of co-deposition) obtained from the measurements of the single material layers were used. In the next step, in order to improve the data fits, the optimisation of the optical constants of the materials by using dispersion formulas was allowed. For the case of the RFS sample, spectrophotometric measurements indicated the presence of absorption (R+T<1). Since in RFS high index material data file absorption was neglected, it was included in optimisation by a dispersion formula for the extinction coefficient. Finally, the effect of removing the thickness limits of individual layers (one at the time) to improvement of quality of the fit was studied.
Results and discussion
The optimized models of refractive index profiles that are obtained in the process of optical characterisation, together with the original designs that were used as starting models, are shown in Fig. 1 for all three samples. In Table 1 sources must be kept running. So, at pure material deposition the other source is still running, although at extremely low power. This low power mode can be instable, depending of the process history. It should be possible to avoid this effect by running only one source for pure materials switching the other one off completely and protecting it from contamination with a closed shutter. It can also be reduced by using higher low-power limits. The refractive index of the layer that was supposed to be pure silica in the model for IBS sample is higher than could be expected for this material (Table 4) Finally, it must be mentioned that other effective medium theories were tested to describe the optical constants of mixtures. Thus, using Bruggeman formula, merit functions were about 50% higher than those obtained by Lorentz-Lorenz. Indeed, the previous results for TiO 2 
Conclusions
Optical characterisation has been successfully applied for the analysis of hybrid antireflective coatings. It has been shown that the combination of spectrophotometric and ellipsometric measurements at different angles of incidence is a proper choice for the characterisation of The resulting models were shown to be helpful for determining the possible errors in deposition processes of each of the utilised deposition techniques, and this was the main goal.
Thus, it has been found that the thicknesses of the coatings were controlled mainly within the expected accuracy. The main problem in deposition of the studied samples seems to be control of the desired refractive index that could be achieved by means of better determination of deposition rate of high index material. The results of optical characterization indicate higher than expected refractive index of pure low index material layers that could be explained by contamination of the coating. Therefore, origins of possible undesired co-deposition or contamination should be investigated in order to improve the deposition processes.
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Tab. 1: The dispersion formula for the refractive index was n(λ)=a 0 +a 1 /λ 2 and for the extinction coefficient k(λ)=k 0 ·exp(k 1 / λ). The back side of the substrate remained uncoated. 
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